The level of genetic variation among individuals may affect performance by reducing the ability of prey to detect and escape from predators if lack of genetic variation reduces flight ability directly or indirectly through reduced parasite resistance. We investigated vulnerability of common avian prey species to predation by the sparrowhawk Accipiter nisus and the goshawk A. gentilis in relation to an index of genetic similarity among adults of potential prey species. We estimated a prey vulnerability index that reflects the abundance of prey relative to the expected abundance according to local population density, and related this index to band sharing coefficients based on analyses of minisatellites for adults in local breeding populations. The prey vulnerability index was positively correlated with the band sharing coefficient in both predators, even when controlling for potentially confounding variables. These findings indicate that prey species with high band sharing coefficients, and hence low levels of genetic variation, are more readily caught by avian predators. Therefore, predation may constitute a major cost of low levels of genetic variation in extant populations of prey [Current Zoology 61(1): 1-9, 2015].
In extant populations of animals individuals often show non-negligible levels of genetic similarity (Crnokrak and Roff, 1999; Keller and Waller, 2002) . Mating among close relatives causes inbreeding depression, but mating among unrelated individuals may also cause effects of depression due to genetic similarity among individuals arising from past population bottlenecks (Roff, 1997) . Offspring produced by genetically similar adults suffer from a number of deficiencies, including reduced hatching success, viability and mating success (reviews in Crnokrak and Roff, 1999; Hedrick and Kalinowski, 2000; Keller and Waller, 2002) .
The mechanisms causing reductions in fitness due to reduced genetic variation remain poorly known. Spottiswoode and Møller (2004) showed that hatching failure increased six-fold across the range of band sharing coefficients between adult breeding individuals in common bird species. Reduced genetic variability is known to have negative effects on viability, and such effects are sometimes larger in free-living than in captive populations. Jimenez et al. (1994) showed that inbreeding in white-footed mice Peromyscus leucopus derived from a wild population had a significant detrimental effect on the survivorship of mice reintroduced into a natural habitat. This effect was more severe than the effect observed in laboratory studies of the same population. Field studies of natterjack toad Bufo calamita and willow ptarmigan Lagopus lagopus have shown increased risk of predation among individuals with lower genetic variability (Rørvik et al., 1999a, b; Rowe and Beebe, 2005) . Hence there is intraspecific evidence showing that risk of predation decreases with increasing level of genetic similarity. Because the ability of potential prey to avoid predation depends on the ability to detect an approaching predator and escape during pursuit (Curio, 1976) , any deterioration in cognitive ability, reaction time or flight performance may be a matter of life or death. Such differences in escape ability will depend on a range of different traits that are all likely to be correlated with the degree of genetic variation (e.g. Mitton, 1997) .
We investigated to which extent genetic similarity among individuals in free-living breeding populations of birds could explain interspecific variation in susceptibility to predation, using two of the most common avian predators and their avian prey as model systems. We assumed that individuals that suffered from reduced genetic variation would be deficient in their ability to escape predators as shown in both experimental and correlative studies (Jimenez et al., 1994; Rørvik et al., 1999a, b; Rowe and Beebe, 2005) . Therefore, individuals belonging to prey species with a high degree of genetic similarity would on average suffer the most from predation. This hypothesis applies equally to individuals within populations, but also among species because a large fraction of individuals with a high degree of genetic similarity in a given species will imply a large fraction of individuals with a deficient ability to escape from predators, while species with a small fraction of individuals with a high degree of genetic similarity will experience less predation.
We analyzed extensive data on the susceptibility of different prey species with respect to their degree of genetic similarity derived from extensive studies of band sharing coefficients for minisatellites. This index of genetic variation is highly repeatable among populations, and in a study of 62 bird species in the Western Palearctic species with large distribution ranges and large population sizes have high levels of genetic variation, as reflected by the band sharing coefficient (Møller et al., 2008) . This index is also a predictor of hatching failure in birds (Spottiswoode and Møller, 2004) . Data on relative predation risk of different prey species in nature are rare because they require reliable information on how often they are preyed upon relative to their abundance. We studied the European sparrowhawk Accipiter nisus, which is the most common avian predator in forested regions of the Palaearctic, and the larger goshawk Accipiter gentilis. The main prey of the sparrowhawk are tits, thrushes, finches, buntings and sparrows, while the main prey of goshawks are pigeons, corvids and thrushes (Cramp, 1980) . We controlled statistically for four different variables that may confound the relationship between susceptibility to predation and genetic variation. First, raptors are known to prefer prey of intermediate size (Huhta et al., 2003; , requiring that body mass and body mass squared are included as predictor variables. Second, sexually dichromatic species are more susceptible to predation than monochromatic species either directly due to predators being attracted to bright coloration, or coloration trading off against condition (Huhta et al., 2003; . Third, accipitrid hawks may have evolved as predators in forests with the use of open farmland being a secondary development, and, therefore, we included breeding habitat of prey. Fourth, foraging habitat may affect susceptibility to predation if prey species foraging on the ground are less likely to escape an attack than species foraging in the foliage or the open air.
Materials and Methods

Prey vulnerability index
Prey remains of the European sparrowhawk were systematically collected near 1,709 nests in Northern Denmark during April-September 1977 and for the goshawk near 1480 nests during April-September 1977 -2004 (Nielsen, 2004 . All prey remains were either found on the nest or at nearby traditional plucking sites used by raptors to remove feathers before prey delivery to the female and the nestlings. All prey were assigned to species based on characteristics of feathers (see Nielsen (2004) for further details). A total of 14,399 prey individuals of 22 species for the sparrowhawk and 5,670 prey of 21 species for the goshawk were used for the present analyses (15 of these prey species were common to the two predators), with all the remaining prey species being excluded due to missing information on band sharing (20,516 prey of 90 species for the sparrowhawk and 20,460 prey of 104 species for the goshawk were excluded). All nest sites were visited three-four times during the breeding season, and sampling effort can therefore be considered to remain similar across sites. All prey remains were collected by the same person (JTN) in the same way throughout the study thereby eliminating any bias due to variability among observers.
We calculated the expected number of prey by using information on density of breeding birds obtained from systematic point counts throughout Denmark during 1992 , relying on densities at our study site in Northern Jutland, using a method fully described in Nielsen (2006, 2007) . Maps of the density of breeding birds from these systematic point counts carried out by hundreds of amateurs show the mean density of breeding birds in the study areas of Nielsen (2004) . These point counts provide reliable estimates of breeding bird density as shown by extensive analyses of potential sources of error and bias , and such bird counts form the basis for national bird censuses in many countries (Bibby et al., 2005) . Point counts like any other bird census method can cause bias in estimates of abundance related to detectability of different species (Bibby et al., 2005 ), but we note that any bias will make it more difficult to obtain biologically meaningful patterns, and that any relationships described here will be conservative. An index of prey vulnerability was calculated as the observed log-transformed number of prey minus the log-transformed expected number of prey. For example, 2,479 tree sparrow Passer montanus individuals were found as prey of the sparrowhawk out of 31,745 prey individuals. The expected number of prey was the density of the species (which was 0.33 out of a total density of all species of 13.72) divided by total density and multiplied by the total number of prey, or (0.33/13.72) × 31,745 = 765. The prey susceptibility index for the tree sparrow is then log 10 (2479) -log 10 (765) = 3.394 -2.884 = 0.51. An index value of zero implies a predation risk exactly as predicted from relative abundance, an index value of +1 a ten-fold higher rate of predation than expected from relative abundance, and an index value of -1 a ten-fold lower rate of predation than expected from relative abundance. We emphasize that we included all species, even those without information on band sharing coefficients, in the estimation of the prey vulnerability index. The prey vulnerability index spanned more than four orders of magnitude in relative representation of prey, with total biomass of different prey species consumed by the two predators increasing with the prey index [sparrowhawk prey: F = 4.05, df = 1,25, r 2 = 0.14, P = 0.05, slope (SE) = 0.44 (0.22); goshawk prey: F = 13.25, df = 1,20, r 2 = 0.40, P = 0.002, slope (SE) = 0.70 (0.19)]. Thus, the species that were rarely used as prey were represented rarely in the diet because such species were avoided by the two predators, rather than being rare in the diet because the predators had no opportunity to catch these prey species. The prey susceptibility indices for sparrowhawks and goshawks in our study were positively correlated with the prey susceptibility indices for the same prey species in Finland , showing consistency in prey susceptibility across large geographical scales. The prey susceptibility index did not differ significantly between prey species with and without information on band sharing coefficients (sparrowhawk prey: F = 1.94, df = 1,81, P = 0.17; goshawk prey: F = 1.27, df = 1,77, P = 0.26). Although we have done our utmost to collect this very extensive database on prey and their population density, we cannot exclude bias in the data. However, there is no explicit reason to expect any systematic bias with respect to the hypothesis under test in this paper. The papers that we have previously published using this database provide a large number of biologically meaningful results that would be difficult to explain if they were the result of systematically biased estimates. The prey susceptibility indices are reported in Electronic Supplementary Material Table S1.
Band sharing coefficient
The band sharing coefficient is an estimate of the number of shared minisatellite bands in relation to the total number of bands among adults, originally proposed by Wetton et al. (1987) as a measure of genetic similarity. A high band sharing coefficient implies that many bands are shared among individuals and hence that genetic similarity in the population is relatively high. This estimate of band sharing has commonly been used as an index of genetic similarity among individuals within a species (Hoelzel, 1992; Reeve et al., 1990; Blomqvist et al., 2002) . Information on band sharing coefficients was derived from an extensive survey of the literature using the Web of Science, with all references being reported in Electronic Supplementary Material Table S1 . We used species-specific mean band sharing values calculated as the mean band sharing coefficient for all probes of a given study, with the mean subsequently being calculated for the means of the different studies. This approach is supported firstly by the significant repeatability (Becker, 1984) of band sharing coefficients among studies of the same species using the same probe, based on 25 studies of 9 species [R = 0.55 (SE = 0.20), F = 3.90, df = 8,16, P = 0.0099]. This result demonstrates that band sharing coefficient estimates are consistent between populations of the same species, even when molecular analyses are made in different labs with inherent differences in procedures and hence gel quality. Secondly, Papangelou et al. (1998) showed in a review of 129 published studies of 70 bird species that mean band sharing between dyads of unrelated individuals from populations or species defined as outbred on the basis of independent evidence was nearly 50% smaller than that for populations defined as small or inbred (these were, for example, rare species threatened by immediate extinction). In addition, mean band sharing between dyads of unrelated individuals in many small or inbred populations was similar to that for dyads of first-order relatives in out-bred populations (Papangelou et al., 1998) . This implies that mean band sharing coefficients of populations reliably reflect the degree of genetic similarity within a species. The number of fingerprinting probes ranged from one to three per study (mainly 33.15, 33.36, per, M13 and others) . Repeatability of band sharing coefficients among probes in the same study, based on 47 studies of 20 species of birds, was large and highly significant [R = 0.86 (SE = 0.06), F = 17.16, df = 19,27, P < 0.0001], demonstrating that the use of multiple probes should not cause any significant bias. Finally, restriction enzymes do not cause bias because band sharing was highly repeatable across restriction enzymes (Møller, 2001) . Band sharing coefficients for 62 species of birds in the Western Palearctic were strongly negatively correlated with distribution range and population size (Møller et al., 2008) , as expected for estimators of genetic variation.
Additional variables
We obtained information on sexual dichromatism from , coding species with no discernible difference in coloration as 0 and species with a sex difference as 1. Information on body mass was extracted from . Information on for aging habitat was retrieved from Cramp and Perrins (1977-1994) , scoring species as 0 -mainly foraging on the ground, or 1 -mainly foraging in the vegetation. Information on the main breeding habitat was retrieved from Cramp and Perrins (1977-1994) , scoring species as 0 -placing nests on the ground, 1 -placing nests in shrub or bushes, or 2 -placing nests in trees. We recorded current minimum and maximum breeding population sizes for all countries in Europe using Burfield and van Bommel (2004) as a source. We used the mean of these two estimates for the analyses. The entire data set is reported in Electronic Supplementary Material Table  S1 .
Comparative analyses
We log 10 -transformed population density, body mass and population size to obtain variables that were normally distributed allowing the use of parametric statistics. Closely related species are more likely to have similar phenotypes than species that are more distantly related due to shared evolutionary history. Previous studies of band sharing coefficients (Spottiswoode and Møller, 2004 ) and susceptibility to predation Nielsen, 2006, 2007) have shown evidence of a phylogenetic component to such variation. Therefore, a phylogenetic analysis was required to control for statistical dependence of data. We calculated standardized independent linear contrasts (Felsenstein, 1985) , using the software CAIC (Purvis and Rambaut, 1995) . All branches of the phylogenies were assigned similar lengths, assuming a gradual evolution model as implemented in the software (Purvis and Rambaut, 1995) , although a second set of analyses based on different branch lengths (Purvis and Rambaut, 1995) produced qualitatively similar results with similar significant predictors and effects in the same direction. We tested the statistical and evolutionary assumptions of the comparative analyses (Garland et al., 1992) by regressing absolute standardized contrasts against their standard deviations.
In order to reduce the consequent problem of heterogeneity of variance, (i) outliers (contrasts with Studentized residuals > 3) were excluded from subsequent analyses (Jones and Purvis 1997 ) (the presented analyses included these outliers), and (ii) analyses were repeated with the independent variable expressed in ranks. In neither case did these new analyses change any of the conclusions.
The composite phylogeny used in the analyses was mainly based on Davis (2008) Fig. S1 ). Because information for the composite phylogeny originated from different studies using different molecular and phylogenetic methods, consistent estimates of branch lengths were unavailable.
Fig. 1 Prey vulnerability index in relation to band sharing coefficient for prey species of (A) sparrowhawk and (B) goshawk based on species-specific values
The 31 species are as follows, with species included in the diet of both raptors marked with an * We used sexual dichromatism, breeding habitat and foraging habitat as continuous variables in the analyses despite the fact that they were defined as ordinal variables because intermediate states of these variables are biologically meaningful. Using this variable as a continuous variable in statistical analyses is similar to using a dichotomous variable as a dummy variable in standard regression analyses (Sokal and Rohlf, 1995) .
We developed full general linear models based on contrasts, using the software JMP (2012). There was no evidence of collinearity between variables as shown by calculation of variance inflation factors that were all < 5 (Tabachnick and Fidell, 1996) .
Regressions of standardized linear contrasts were forced through the origin because the comparative analyses assume that there has been no evolutionary change in a character when the predictor variable has not changed (Purvis and Rambaut, 1997) .
Models were weighted by sample size (the number of prey individuals) to account for the fact that sample sizes differed and hence the precision of the estimates of prey susceptibility differed among prey species that ranged in abundance from 1 to 2,688. Most statistical analyses assume that single observations provide equally precise information about the deterministic part of total process variation, i.e. the standard deviation of the error term is constant over all values of the predictor variable (Sokal and Rohlf, 1995) . Garamszegi and Møller (2010 , 2011 have shown that bias due to variation in sample size among observations is a major problem in comparative analyses and equally significant as the biases caused by treating species-specific estimates as statistically independent. If this assumption of similarity in sampling effort is violated, weighting each observation by sampling effort allows the use of all data, giving each datum a weight that reflects its degree of precision due to sampling effort (Draper and Smith, 1981; Sokal and Rohlf, 1995; Garamszegi and Møller, 2010) . This procedure also allows both rare and common species to be included and hence avoids any bias in sampling due to rarity (Garamszegi and Møller, 2012) . Therefore, we weighted statistical models by sample size. In order to weight models by sample size in the analysis of contrasts, we calculated weights for each contrast by calculating the mean sample size for the taxa immediately subtended by that node (Møller and Nielsen, 2007) . We emphasize that the relationship between the prey susceptibility index and weight was far from statistically significant in analyses for the two predators (sparrowhawk: F = 0.19, df = 1,24, r 2 = -0.03, P = 0.67; goshawk: F = 0.97, df = 1,19, r 2 = 0.00, P = 0.34). We estimated effect sizes by using Cohen's (1988) guidelines for the magnitude of effects being small (Pearson r = 0.10, explaining 1% of the variance), intermediate (r = 0.30, explaining 9% of the variance) or large (r = 0.50, explaining 25% of the variance).
We calculated the combined probability from the tests for the two species using Fisher's procedure (Sokal and Rohlf, 1995) .
Results
The prey susceptibility index increased with increasing band sharing coefficient in both the sparrowhawk and the goshawk (Fig. 1A and B present plots of the species-specific data). The test of this relationship in the two raptors is statistically independent because the prey susceptibility index was not significantly repeatable between the two predators (based on information on the prey susceptibility index for the 15 species of prey that were common to the two predators in the total data set of all prey: F = 0.20, df = 1,13, P = 0.66).
For the sparrowhawk the six predictors explained 53% of the variance in prey susceptibility index. There were large effects of the relationship between susceptibility index and band sharing coefficient and sexual dichromatism, respectively (Table 1) . For the goshawk the model explained 88% of the variance in prey susceptibility. The susceptibility index was strongly correlated with the band sharing coefficient, breeding habitat, foraging habitat and population size of the prey species with large effect sizes (Table 1) .
A model based on linear contrasts for the sparrowhawk explained 33% of the variance. The prey susceptibility index was strongly correlated with band sharing coefficient, sexual dichromatism, foraging habitat and body mass squared (Table 1) . The model for the goshawk explained 54% of the variance. The prey susceptibility index was strongly correlated with the band sharing coefficient, body mass, body mass squared, breeding habitat and population size (Table 1) .
A combined probability test for the species-specific analyses revealed  2 = 24.13, df = 4, P < 0.00001, while a test for the contrast analyses revealed  2 = 19.89, df = 4, P = 0.0005.
Discussion
We analyzed extensive long-term data sets on prey selection by two common avian predators co-existing in open farmland in Denmark, the sparrowhawk and the Body mass and population size were log 10 -transformed. The models based on species-specific values for the sparrowhawk have the statistics F = 5.25, df = 7, 19, adjusted r 2 = 0.53, P = 0.0018 and for the goshawk F = 22.57, df = 7, 14, adjusted r 2 = 0.88, P < 0.0001 and the models based on contrasts for the sparrowhawk F = 9.53, df = 7,19, adjusted r 2 = 0.33, P < 0.0001 and for the goshawk F = 16.52, df = 7,14, adjusted r 2 = 0.54, P < 0.0001. Effect size is Pearson's product moment correlation coefficient goshawk. An important determinant of prey vulnerability to these two predators was genetic similarity among adults as estimated from band sharing coefficients. The effect sizes were large accounting for important fractions of the variance. This conclusion held when we statistically controlled for all potentially confounding variables known from previous studies to influence prey selection by these two predator species. Species-specific differences in prey susceptibility were not confounded by similarity among species due to common phylogenetic descent as shown by analyses of statistically independent standardized linear contrasts. These effects documented for sparrowhawk and goshawk were independent because susceptibility of a given prey species to predation by the sparrowhawk was independent of susceptibility to predation by the goshawk.
The most likely interpretation of our results is that predation constitutes a major cost of low genetic variation. We cannot think of any alternative explanation for the consistent relationships between prey selection and band sharing in the two predators. We can dismiss the possibility that the estimates of band sharing coefficients are biased because we found highly significant repeatabilities among populations and among minisatellite probes within populations. This demonstrates that band sharing coefficients are species-specific and consistent across populations. We also note that a comparative study of hatching failure in birds has previously demonstrated a strong negative relationship between hatching failure and band sharing coefficients (Spottiswoode and Møller, 2004) . Finally, bird species with large population sizes and large breeding ranges have small band sharing coefficients (Møller et al., 2008) , but inclusion of population size in the analyses did not affect the conclusions. These effects of band sharing are much greater than the effects of most other factors associated with predation by the two predators (Huhta et al., 2003; . In addition, consistency in band sharing coefficients across populations of the same prey species (Møller, 2001; Spottiswoode and Møller, 2004; Møller et al., 2008) , coupled with the extensive distributions of the two predator species (Cramp, 1980) , imply that the effects reported here are likely to extend across large geographical scales.
The actual mechanisms underlying the patterns reported here remain unknown. We hypothesize two possibilities: (1) effect of genetic variation on the ability to escape a predator; and (2) effect of genetic variation on parasitism. First, increased homozygosity may lead to reductions in a number of performance traits (review in Mitton, 1997) . More homozygous individuals may be less likely to detect or escape from an attack by a predator, causing species with an overall high level of homozygosity to suffer disproportionately from predation. Second, a reduction in genetic variability may reduce parasite resistance (Sanjayan et al., 1996; Seddon and Baverstock, 1999; Hedrick et al., 2001a Hedrick et al., , 2001b Arkush et al., 2002) , thereby increasing levels of parasitism (Ferguson and Drahushchak, 1990; Cassinello et al., 2001) . Given that risk of predation is elevated in individuals and species with more parasites (Temple, 1986; Møller and Erritzøe, 2000; Møller and Nielsen, 2007) , this mechanism could potentially account for the relationships. In conclusion, the relationships reported here could either be due to effects of genetic variation on escape ability of prey or on parasitism that subsequently increased the risk of predation.
We would also like to briefly discuss possibilities for bias in the prey data, although we cannot think of ways in which bias would produce independent, positive relationships between the extent of susceptibility to predation and the degree of band sharing in two sympatric predators. We consider the information on prey to have been collected in a highly standardized way throughout the study by a single person (JTN), thus ensuring an unprecedented consistency in methods for such longterm studies. The data sets for the two predators are among the most extensive ever collected in a systematic way, and no other study of a similar extent provide information on abundance of actual and available prey for such a large number of prey species. We assumed that prey items located near or on the nest provide a reliable estimate of the abundance and species composition of prey. Newton and Marquiss (1982) found more prey items belonging to large species outside than at nest sites of the sparrowhawk. Large prey species may be found more often away from the nest site than small prey, because large prey usually are plucked before transport back to the nest. An alternative hypothesis for the observation by Newton and Marquiss (1982) is that non-breeding female European sparrowhawks may account for such large prey, because they take larger prey than males, and because they are not restricted to particular sites by breeding. Furthermore, we have previously reported significant repeatability in the prey susceptibility index between Denmark and Finland , suggesting that the same species suffer consistent risks of predation, even when estimates of abundance of prey are obtained using different census methods. Finally, previous analyses of the same data set have produced biologically meaningful results Nielsen, 2006, 2007; Nielsen and Møller, 2006 ) that would be impossible if the information on prey was biased. The relationships that we have reported here are likely to be conservative because any uncertainty in estimates of susceptibility to predation or band sharing coefficients is likely to increase the level of noise in the data and hence make it more difficult to detect biologically meaningful relationships.
Body mass is a potentially confounding variable in the analyses because predators prefer prey of intermediate body size (Huhta et al., 2003; . In addition, large sized species have smaller total population size and therefore reduced genetic variation (Møller et al., 2008) . Although body mass entered as a significant predictor of the prey susceptibility index in some of the analyses, this was not a consistent pattern. Finally, body mass did not affect the conclusion that susceptibility to predation was linked to genetic variation as reflected by band sharing coefficients.
The potential implications of this study are several. First, predator-prey interactions may be much more important determinants of the fitness costs of reduced genetic variation than previously thought. Second, because predators are often assumed to be able to regulate prey populations (Crawley, 1992) , this ability may be related to the genetic constitution of prey populations. Given that this study was based on correlation we cannot exclude the alternative hypothesis that reduced genetic variation was caused by predation. However, that would require that populations of prey in the range of tens to hundreds of millions of individuals (Burfield and Van Bommel, 2004) , as in the case for the great spotted woodpecker Dendrocopos major with a mean population size of 15 millions in the Western Palearctic and a high band sharing coefficient of 0.35, would have to be reduced to small remnants on several occasions to cause the levels of reduced genetic variation reported here. Third, in conservation biology predation is often considered to threaten island populations (Whittaker, 1998) , and this effect has typically been ascribed to an inability of island species to recognize predators. However, island populations also generally have high degrees of genetic similarity (Møller, 2001) , and this potentially make them particularly susceptible to predation.
